Introduction {#s1}
============

Mitochondria are intracellular membrane-bound organelles that act as the cells 'powerhouse' due to their principal function in synthesizing adenosine triphosphate (ATP) required for a multitude of processes and reactions. This is achieved through the coupling of electron transport and the creation of an electrochemical gradient to the synthesis of ATP. The gradient is created by the translocation of protons across the inner membrane to the intermembrane space by three unique oxidoreductases \[[@BST-47-1757C1]\]. As protons pass back into the mitochondrial matrix via ATP synthase/complex V, this drives the ATP synthase to combine ADP and inorganic phosphate generating the cellular energy fuel ATP ([Figure 1](#BST-47-1757F1){ref-type="fig"}). Figure 1.Key features of mitochondrial structure and function of the ETC.Key structures of the mitochondrion are represented in (**A**), while (**B**) depicts the structure of the OXPHOS system and its functioning. Oxidative phosphorylation complexes represent reduced nicotinamide adenine dinucleotide (NADH) dehydrogenase (I), succinate dehydrogenase (II), cytochrome *c* reductase (III), cytochrome *c* oxidase (IV) and ATP synthase (V) where Q represents coenzyme Q and cyt *c* represents cytochrome *c*. In (**B**), black arrows show the transfer of electrons between complexes while red arrows show the transfer of protons throughout the chain for the eventual production of ATP and H~2~O. Features are not to scale.

Mitochondria possess their own genome, mitochondrial DNA (mtDNA), which is a 16.6 kbp closed, circular, double-stranded DNA genome. Most cells contain hundreds to thousands of copies of mtDNA, which encodes two ribosomal ribonucleic acid (RNA) and 22 transfer RNAs which are necessary for translation of the 13 mtDNA-encoded mRNAs that comprise key subunits of the oxidative phosphorylation (OXPHOS) complexes \[[@BST-47-1757C2]\]. Despite the ability of the mitochondria to carry out DNA replication, mtDNA transcription and protein translation independently of the nucleus, these functions are, in fact, semiautonomous in nature \[[@BST-47-1757C3]\]. Mitochondria require nuclear DNA-encoded genes for function, and indeed, all of the DNA replication, transcription, ribosomal protein machinery and most of the OXPHOS subunits are nuclear encoded \[[@BST-47-1757C4]\]. Furthermore, anterograde and retrograde signalling between the mtDNA and the nucleus allows mitochondria to change bioenergetics and biosynthetic output to match cellular needs or respond to cellular stress \[[@BST-47-1757C5]\]. MtDNA contains no introns and histones, and only low levels of repair mechanisms such as mtDNA damage, depletion or mutation may have a very large impact on mitochondrial function. The mtDNA copy number per cell varies greatly with over 150 000 in an oocyte to only several hundred in cells found in lung tissue \[[@BST-47-1757C6]\]. Generally, cells with the highest energy demand have the highest number of mitochondria \[[@BST-47-1757C7]\] and mtDNA copy number \[[@BST-47-1757C8]\]. The cellular distribution of mitochondria varies between cell types. Large cells such as motor neurones, being over 1 m long, reposition their mitochondria to the site of the neuromuscular junction where the most ATP is required \[[@BST-47-1757C9]\]. This provides a further complication of moving mitochondria (dynamics) from the cell body along the axon to the synaptic terminals. An inability to maintain mitochondrial function at the synapse potentially leads to neuronal dysfunction and neurodegeneration \[[@BST-47-1757C10]\] with a disruption in mitochondrial distribution at synaptic/neuromuscular junctions associated with motor neurone diseases such as amyotrophic lateral sclerosis and Huntingdon\'s disease \[[@BST-47-1757C11],[@BST-47-1757C12]\].

A diverse range of mitochondrial functions have been identified in addition to their crucial role in aerobic respiration and ATP production. Mitochondria dictate cell survival and death via opening of the mitochondrial permeability transition pore \[[@BST-47-1757C13]\] and play a crucial role in calcium homeostasis and buffering \[[@BST-47-1757C14]\]. Furthermore, mitochondria have been found to be key players in steroid and hormone signalling, energy sensing, production of reactive oxygen species (ROS) and cofactor synthesis \[[@BST-47-1757C5]\]. The biosynthesis of critical cofactors is an important role of the organelle including the highly eukaryotic-conserved, formation of iron--sulfur clusters and the biosynthesis of haeme, biotin and lipoic acid \[[@BST-47-1757C15]\]. More recently, it has emerged that mitochondria serve as key immune regulators, shaping both beneficial and detrimental immune responses during pathogen infection, inflammatory diseases, cancer and aging \[[@BST-47-1757C16]--[@BST-47-1757C18]\]. This pivotal role in cell biology explains the severe and multisystem clinical symptoms which occur as a result of mitochondrial dysfunction and highlights the need for increased research on the role of mitochondria in health and disease. To maintain integrity, mitochondria are under strict quality control measures involving fission/fusion \[[@BST-47-1757C19]\], mitophagy and proteasomal degradation, which can selectively remove both damaged proteins and dysfunctional mitochondria \[[@BST-47-1757C20]\]. Mitophagy is particularly important in differentiated cells where attempts at modulating it are being explored in order to enhance removal or turnover of damaged mitochondria associated with disease or aging \[[@BST-47-1757C21]--[@BST-47-1757C24]\].

Toxic effects of pharmacological agents on mitochondrial function {#s2}
=================================================================

Drug therapy has clear beneficial effects by causing remission of many diseases and improvement in symptom management; however, as patient life expectancy increases, long-term side effects of treatments have emerged. Mitochondrial dysfunction can result from different drug types through a variety of mechanisms, summarized in [Table 1](#BST-47-1757TB1){ref-type="table"}. Antiviral therapy using nucleoside reverse transcriptase inhibitors (NRTIs) can successfully control virus levels, and the development of this antiviral therapy approach proved to be a major cornerstone in reducing the morbidity and mortality of various viral infections such as human immunodeficiency virus (HIV). However, there is a risk of NRTI-induced inhibition of human DNA polymerases due to structural conservation between human and viral polymerases and the disruption of dNTP pools \[[@BST-47-1757C25]\]. Polymerase inhibition has led to the well-supported 'DNA pol-γ hypothesis' of mitochondrial dysfunction, where NRTI treatment inhibits DNA pol-γ in mitochondria and results in mtDNA depletion \[[@BST-47-1757C26]\]. It was found that early HIV treatments had substantial levels of toxicity, such that 25% of patients discontinued their antiviral regime due to the toxicity or from non-compliance \[[@BST-47-1757C27]\]. Other HIV treatments have been withdrawn completely due to associated mitochondrial toxicity, the antiretroviral drug zalcitibine being a key example \[[@BST-47-1757C28]\]. The clinical development of new antiviral agents to treat viral infection produced compounds such as tenofovir, which has minimal mitochondrial toxicity compared with zalcitabine and didanosine \[[@BST-47-1757C29]\]. Tenofovir is used in combination with other NRTI antivirals such as abacavir and lamivudine in modern HIV therapy, all of which report lower mitochondrial toxicity than previous NRTIs \[[@BST-47-1757C30]\]. Table 1.Summary of drugs with associated mitochondrial toxicity.Drug typeExamplesMechanismMitochondrial effectsClinical symptomsAntiviral-nuceloside reverse transcriptase inhibitor (NRTI)Zidovudine (AZT) (black box warning)\
Acyclovir (ACV)\
Ganciclovir (GCV)\
Zalcitabine (ddC)Analogues to endogenous dNTPs therefore inhibit mtDNA polymerase-γ and prevent chain elongation of nascent mtDNA chain \[[@BST-47-1757C131],[@BST-47-1757C132]\]MtDNA depletion \[[@BST-47-1757C26],[@BST-47-1757C132]\]\
Decreased synthesis of OXPHOS proteins, increased superoxide levels \[[@BST-47-1757C133]\]\
DNA breaks in mtDNA with ACV and GCV \[[@BST-47-1757C134]\]\
Abnormally structured mitochondria \[[@BST-47-1757C135],[@BST-47-1757C136]\]\
Inhibition of cytochrome *c* oxidase and citrate synthase \[[@BST-47-1757C137]\]\
Interference with the phosphoregulation of ETC subunits \[[@BST-47-1757C26]\]Lactic acidosis, altered lipid metabolism and altered carbohydrate metabolism \[[@BST-47-1757C26]\]\
Red-ragged fibers in muscle, myopathy \[[@BST-47-1757C138],[@BST-47-1757C139]\]\
Neuropathy, liver steacidosis, pancreatitis \[[@BST-47-1757C29]\]Antiviral-protease inhibitor (PI)Saquinavir (black box warning)Inhibits cleavage of host cell polyprotiens into functional proteins \[[@BST-47-1757C140]\]Inability to assemble functional ETC \[[@BST-47-1757C26]\]\
Interference with lipid metabolism and retinoid signalling \[[@BST-47-1757C141]\]Lipodystrophy, hyperlipidaemia, insulin resistance \[[@BST-47-1757C141]\]AntibioticTetracyclineInhibition of protein synthesisDecreased mitochondrial membrane potential, down-regulation of ETC function and protein synthesis \[[@BST-47-1757C67],[@BST-47-1757C142]\]Ciprofloxacin (black box warning)Inhibition of Top2 (topoisomerase) which prevents the relaxation of mtDNA for replication \[[@BST-47-1757C143]\]Inhibition of mtDNA replication, mtDNA depletion and dysregulation of ETC complexes \[[@BST-47-1757C143]\]\
dsDNA breaks \[[@BST-47-1757C144]\]\
Increased ROS levels and oxidative stress \[[@BST-47-1757C145]\]\
Respiration decreased 40% *in vitro*, accompanied by reduced cytochrome *c* oxidase (COX) activity and lactate accumulation \[[@BST-47-1757C146]\]\
Suppression of ETC complexes I and II \[[@BST-47-1757C147]\]Tendinopathies, neuropathies, myopathy and psychological symptoms \[[@BST-47-1757C143]\]Chemotherapy agentCisplatin (black box warning)\
CyclophosphamideBind to the purine residues in the mtDNA of cells to cause damage in the DNA, inhibition of cell division and apoptotic cell death \[[@BST-47-1757C148],[@BST-47-1757C149]\]Increased ROS production \[[@BST-47-1757C36],[@BST-47-1757C129]\]\
mtDNA damage in lung and prostate cancer cells \[[@BST-47-1757C150]\]\
Decreased exercise capacity, decreased maximum mitochondrial ATP production \[[@BST-47-1757C151]\]Nephrotoxicity, ototoxicity \[[@BST-47-1757C152]\]\
Peripheral neuropathy \[[@BST-47-1757C129]\]\
Cardiac myopathy \[[@BST-47-1757C36]\]\
Hepatotoxicity \[[@BST-47-1757C78]\]Anti-psychoticClozapine (black box warning)Binds serotonin and dopamine receptors with off-target effects on mitochondria \[[@BST-47-1757C153]\]Mitochondrial membrane depolarization, increased inflammatory response, mitochondrial swelling and changes in structure, all which resulted in ATP depletion \[[@BST-47-1757C49]\]\
Oxidation of mitochondrial proteins including malate dehydrogenase and pyruvate kinase \[[@BST-47-1757C50],[@BST-47-1757C154]\]Obesity, metabolic disturbances and increased diabetes risk \[[@BST-47-1757C50],[@BST-47-1757C154]\]\
Tardive dyskinesia \[[@BST-47-1757C155]\]AntiepilepticSodium valporate (black box warning)Acts to increase the concentration of synaptic GABA with off-target effects on mitochondria \[[@BST-47-1757C156]\]Decreased membrane potential, ATP depletion, increased cell death and reduction in cell number \[[@BST-47-1757C51]\]\
Inhibition of the PDH complex \[[@BST-47-1757C52]\]\
Sequestration of free acetyls CoA \[[@BST-47-1757C157]\]Hepatotoxicity \[[@BST-47-1757C51],[@BST-47-1757C52],[@BST-47-1757C157]\]\
Metabolic disturbances \[[@BST-47-1757C52]\]\
Foetal anticonvulsant syndrome \[[@BST-47-1757C53]\]Antidepressant-selective serotonin reuptake inhibitor (SSRI)Sertraline\
Fluoxetine (black box warning)Acts to increase the concentration of serotonin by blocking reabsorption with off-target effects on mitochondria \[[@BST-47-1757C158]\]OXPHOS inhibited in isolated rat brain and liver mitochondria \[[@BST-47-1757C159],[@BST-47-1757C160]\]\
Reduced mitochondrial biogenesis \[[@BST-47-1757C161]\]\
Ion compartmentalization \[[@BST-47-1757C162]\]\
Change in morphology to more rounded and shrivelled, indicative of increased caspase 3 activity \[[@BST-47-1757C163]\]\
Decreased respiratory activity \[[@BST-47-1757C164]\]\
Inhibition of complexes I, III and IV in the ETC \[[@BST-47-1757C163]\]\
Down-regulation of ETC proteins \[[@BST-47-1757C165]\]Hyponatremia, weight gain \[[@BST-47-1757C166]\]

Mitochondrial toxicity is also associated with other drug classes with responses being significantly influenced by patient--patient variability in mitochondrial function. Mitochondrial toxicity is also associated with other drug classes, with the effects being significantly influenced by differences in mitochondrial function caused by patient--patient variability. Patients with diagnosed mitochondrial disorders, in particular those carrying A1555G and C1494T mutations in human mitochondrial 12S rRNA, are acutely sensitive to aminoglycoside antibiotics, which can result in deafness \[[@BST-47-1757C31]\]. Age-related deafness (presbyacusis) is extremely common in western societies affecting half of all people over 75 years of age. An impact on mitochondrial function by many common medications on age-related deafness cannot be ruled out \[[@BST-47-1757C32]\]. Since the 1920s, cardiovascular diseases have been the leading cause of death globally (World Health Organization). Statins which lower lipid levels, illness and mortality for individuals at high risk have become the most commonly prescribed drug class in the world. However, like other drugs, these are also associated with mitochondrial toxicity \[[@BST-47-1757C33]\]. Recent studies have shown the presence of mitochondrial-induced myopathies brought on through reduced respiratory enzyme activity, calcium leakage and ROS-induced oxidative stress in patients being treated with statins \[[@BST-47-1757C34],[@BST-47-1757C35]\]. The reported incidence varies between 5% and 30% with the milder disease being more common than the very rare rhabdomyolysis reported at 1 in 10 000 patients. Chemotherapeutic agents are renowned for adverse side effects. Drugs must be potent in order to combat the highly resistant cancer cells; however, many chemotherapy agents cause the generation of excessive ROS, which results in oxidative stress and mitochondrial damage \[[@BST-47-1757C36]\]. Although this affect limits the efficacious potential of these agents, mitochondrial signalling pathways associated with ROS are essential for cellular function and are linked to various processes including the activity of phosphatases \[[@BST-47-1757C37]\], mitochondria perinuclear clustering \[[@BST-47-1757C38]\] and longevity at the level of the whole organism in *Caenorhabditis elegans* \[[@BST-47-1757C39]\]. In *C. elegans*, reduced glucose availability leads to increase mitochondrial respiration and mitochondrial ROS (mtROS) production that actually delays worm aging \[[@BST-47-1757C40]\]. Control over mtROS signalling is an exciting new area of research which presents opportunities to regulate appetite and food intake by the actions of uncoupling protein 2 (UCP2) in the brain (reviewed in \[[@BST-47-1757C41]\]). UCP2 likely controls mtROS indirectly via alteration of mitochondrial fuel utilization \[[@BST-47-1757C42],[@BST-47-1757C43]\]. Pharmacological regulation of mtROS will be an important area in the future with opportunities to regulate many cellular pathways including wound healing \[[@BST-47-1757C44]\], survival under hypoxia \[[@BST-47-1757C45]\], intracellular pH homeostasis \[[@BST-47-1757C46]\], innate immunity \[[@BST-47-1757C47]\] and cell differentiation \[[@BST-47-1757C48]\].

Mitochondrial off-target effects are also observed with anti-psychotic drugs. Anti-psychotic drugs became the standard of care for psychiatric disorders such as schizophrenia and mood disorders in the 1950s with the development of chlorpromazine, the first anti-psychotic. However, adverse effects originating from the mitochondria soon became apparent as metabolic disturbances caused by mitochondrial membrane depolarization and swelling were observed \[[@BST-47-1757C49],[@BST-47-1757C50]\]. The epileptic drug sodium valproate has well documented mitochondrial toxicity showing respiratory dysfunction *in vitro* in HEPG2 cells \[[@BST-47-1757C51]\] and *in vivo* where valproate-induced mitochondrial dysfunction has been associated with hepatotoxicity \[[@BST-47-1757C52]\] and foetal anticonvulsant syndrome \[[@BST-47-1757C53]\]. Mitochondrial linked organ toxicities are the commonest reason for licensed medicines to be given black warnings \[[@BST-47-1757C54]\].

Patient-to-patient variation in treatment benefits and adverse toxicity is potentially linked to the variation in mitochondrial function found between individuals and declines with aging as it is also influenced by cell type, gender, state of immunity, and number and severity of pathogenic infections \[[@BST-47-1757C55],[@BST-47-1757C56]\]. Mitochondria become larger, less numerous and less efficient with age as continuous ROS-associated protein, lipid and nucleic acid damage result in an increase in mitochondrial dysfunction over time \[[@BST-47-1757C5]\]. Furthermore, mitochondrial quality control also deteriorates with aging as is observed in the decline of mitophagy in age-related pathologies such as Alzheimer\'s disease and Parkinson\'s disease (PD) \[[@BST-47-1757C57]\]. The result of this decline is a decreased ability to remove damaged mitochondria and ultimately leads to the accumulation of dysfunctional mitochondria \[[@BST-47-1757C58]\].

Genetics also influences susceptibility to mitochondrial and metabolic dysfunction. For example, the mtDNA genetic variant at 16 189 from T to C has been associated with increased oxidative damage, altered antioxidant status and onset of type two diabetes \[[@BST-47-1757C59]--[@BST-47-1757C61]\]. Furthermore, different mtDNA haplogroups have been increasingly associated with individual susceptibility to toxic side effects observed in some patients \[[@BST-47-1757C62]--[@BST-47-1757C66]\]. Haplogroups, distinct patterns in single-nucleotide polymorphisms (SNPs) in mtDNA, naturally arise from human evolution and have been shown to result in different bioenergetic capacities, ROS production and apoptotic capabilities \[[@BST-47-1757C64]\]. With these different haplogroups influencing mitochondrial function, it has since been shown that specific haplogroups increase susceptibility to toxic side effects of drug use; for example, the 4917G allele in patients with haplogroup T and the subhaplo group L02a are associated with NRTI-induced peripheral neuropathy \[[@BST-47-1757C64],[@BST-47-1757C65]\]. The accumulation of SNPs in mtDNA, combined with the use of drugs that affect mitochondrial function, is therefore a major determinant in the development of idiosyncratic drug-induced adverse effects \[[@BST-47-1757C63]\].

Opportunities in disease treatment using mitochondrial drug-induced effects {#s3}
===========================================================================

As suggested above, screening drugs for adverse toxicity against mitochondria is vital for their safe use. However, many drugs have been discovered with interesting modulating properties that potentially could prove useful in the clinic or as research tools. The concern in the pharmaceutical industry to screen out drugs with dangerous adverse side effects may have led to the rejection of many beneficial drugs. Research has revealed over the past decade a dependency of many cancer types on mitochondrial function. These dependencies can be shown to be a liability in some cases as selective targeting of the mitochondria has proved efficacious in these studies. Potentially useful new therapeutic cancer agents such as the common antibiotic doxycycline with only mild mitochondrial effects \[[@BST-47-1757C67],[@BST-47-1757C68]\] might have been discarded at the initial drug-screening phase if put through these. The benefit of drug-targeting mitochondria is particularly relevant to the treatment of cancer. Recent research has demonstrated that cancer cells have a strong reliance on mitochondrial function particularly in the area of metastatic disease \[[@BST-47-1757C69]--[@BST-47-1757C72]\]. The new cancer drug ONC201 \[[@BST-47-1757C73]\], which has demonstrated efficacy in cell culture and animal models, is currently being tested against multiple cancer types and could have been discarded if put through a mitochondrial toxicity screen. ONC201 was identified from a screen for compounds that induced the transcription of tumour necrosis-related apoptosis-inducing ligand (TRAIL), an inducer of apoptosis \[[@BST-47-1757C74]\]. Follow-up studies discovered that ONC201 did not directly activate TRAIL in all of the cancer cells in which it was effective but was impairing mitochondrial function \[[@BST-47-1757C75]\]. Recent data from two studies identified the target of ONC201 as being the mitochondrial CLPP protease which is activated by ONC201 and results in increased cancer cell killing \[[@BST-47-1757C76],[@BST-47-1757C77]\].

There exists a range of disorders which could potentially benefit from (i) therapeutic-targeting of dysfunctional mitochondria, (ii) modulation of mitochondrial metabolism or (iii) the delivery of antioxidants to reduce oxidative stress-induced damage \[[@BST-47-1757C78]\]. The treatments of epilepsy and pyruvate dehydrogenase (PDH) deficiency are good examples of the therapeutic benefits of modulating mitochondrial metabolism, where dietary alterations to a ketogenic diet cause increased fatty acid utilization and alleviation of symptoms \[[@BST-47-1757C79],[@BST-47-1757C80]\]. Metabolic hormesis is another growing area of interest and is defined by mitochondrial inhibitory agents causing a positive effect on mitochondria when in a low dose range \[[@BST-47-1757C81]\]. The general concept related to mitochondrial function is that a little of what is bad for you does you good, analogous to red wine in small doses being beneficial \[[@BST-47-1757C82]\]. The idea of metabolic hormesis is demonstrated in [Figure 2](#BST-47-1757F2){ref-type="fig"} where two drugs bithionol and meclizine are added to Ewings sarcoma cancer cell lines. This is an effect we observed with many drugs emphasizing the potential of increasing mitochondrial function at low drug doses. At each glucose condition tested, bithionol and meclizine at higher doses inhibit oxygen consumption (i.e. little change in fluorescence lifetime over time). However, at low drug doses, respiration can be enhanced and the response is shown to vary with both glucose level and cell type. This is an effect we observed with many drugs emphasizing the potential of increasing mitochondrial function at low drug doses. In agreement with this data, meclizine inhibits mitochondrial respiration *in vitro* but has also shown to provide neuroprotective effects against PD and Huntingdon\'s models \[[@BST-47-1757C83]--[@BST-47-1757C85]\]. Figure 2.Oxygen consumption of Ewing sarcoma in the presence of Bithionol or Meclizine.Ewing sarcoma cell lines TC71 and A673 were seeded at 50k cells/well (with and without treatment) in an oil-layered sealed system under varying glucose levels. Fluorescence lifetime was monitored using an oxygen sensing probe (MitoXpress Xtra, Agilent \[[@BST-47-1757C73]\]). Vertical axis indicates fluorescent lifetime levels in microseconds with increases, indicating higher oxygen consumption (lower media levels). Horizontal axis indicates time in hours.

Mitochondrial targeting to treat cancer {#s4}
=======================================

In 2018, 17 million new cases of cancer were reported worldwide with 9.6 million deaths from the disease \[[@BST-47-1757C86]\]. Targeting malignancy and therapy resistance are the major obstacles limiting current treatment strategies. Otto Warburg was the first to suggest mitochondrial involvement in the disease upon the observation that malignant cells have elevated uptake of glucose, which undergoes fermentation to lactate even in the presence of oxygen. This indicates a metabolic switch from OXPHOS to aerobic glycolysis, later named the 'Warburg effect' \[[@BST-47-1757C87]\], and fuelled the hypothesis that mitochondrial dysfunction was the cause of tumour progression. Positron-emission tomography imaging, which monitors tumour glucose utilization, is the main clinical approach to determine in a non-invasive manner, treatment effectiveness and tumour recurrence \[[@BST-47-1757C88]\]. The glucose signature was believed to reflect the glycolytic nature of the tumour; however, recent evidence suggests that this may not be the case, as functional mitochondria are essential for malignant cell survival and oncogenesis \[[@BST-47-1757C89]\]. This was highlighted by reduced tumour growth and progression in mice when cancer cells are made mtDNA deficient (ρ0) or when the mtDNA transcription factor A is knocked out causing mtDNA depletion \[[@BST-47-1757C90]\]. Other data suggest that mtDNA mutations in cancer are not linked to the development or spread and that cancer cells require the presence of active mitochondria to survive \[[@BST-47-1757C91]\]. Targeting cancer mitochondrial function is an exciting area with new drugs identified and several drugs (Metformin; IM156 Immuniomet; IACS10759 MD Anderson CC; AG-636 Agios; CPI-839; CB-839 Calithera) currently being tested in clinical trials across a wide range of tumour types \[[@BST-47-1757C92]--[@BST-47-1757C94]\]. Mitochondrial targeted drugs are presently being explored in combination with chemotherapy \[[@BST-47-1757C95],[@BST-47-1757C96]\] and radiotherapy \[[@BST-47-1757C97]\]. These combinatorial studies will most likely extend to immunomodulatory agents in the near future.

An increasing number of studies addressing the phenomenon of cancer cell and metabolic-reprogramming conclude the essential nature of the switching for both cell survival and resistance to anticancer therapies \[[@BST-47-1757C70],[@BST-47-1757C98],[@BST-47-1757C99]\]. Metabolic switching between OXPHOS, glycolysis, fatty acid oxidation and other carbon sources for energy and biosynthetic needs allows adaptation to drastic changes in the tumour microenvironment \[[@BST-47-1757C100]\]. These bioenergetic adaptations depend greatly on mitochondrial function. Complex I\'s role in the glycolytic switch is one example as it has been found to be essential in several tumour types \[[@BST-47-1757C101],[@BST-47-1757C102]\]. The anticancer BRAF inhibitor vemurafenib switches cellular metabolism from glycolysis to OXPHOS. This drug, coupled with an electron transport chain (ETC) inhibitor such as honokiol, decreases drug resistance and has activity *in vivo* against vemurafenib-resistant melanoma \[[@BST-47-1757C103]\]. Therefore, combinatorial treatments utilizing both OXPHOS and glycolytic inhibitors provide exciting new therapeutic opportunities \[[@BST-47-1757C70]\].

Mitochondrial reprogramming in tumour progression extends beyond changes in mitochondrial bioenergetics. Tumour metastasis, a process implicated in 90% of cancer deaths, is also dictated by changes in mitochondrial function and distribution \[[@BST-47-1757C104]\]. Agarwal et al. \[[@BST-47-1757C105]\] demonstrated that the exploitation of mitochondrial trafficking is a key hallmark of myc-driven tumour progression, where subcellular mitochondrial trafficking to the cortical cytoskeleton is vital for tumour cell invasion and metastasis. Myc proteins are products of oncogenes, often amplified in human cancers, which promote tumour growth and progression. They have been associated with the control of the gene network of mitochondrial trafficking and changes in the expression of OXPHOS genes and bioenergetics pathways \[[@BST-47-1757C105]\]. Mitochondrial trafficking and redistribution is a vital and standard process in healthy neurones, where mitochondria are repositioned to axon terminals to fuel highly energy-intensive processes such as synaptic functions and active growth cones \[[@BST-47-1757C106]\]; however, the same protein network is exploited by tumour cells to propel metastasis \[[@BST-47-1757C107]\]. The importance of mitochondrial trafficking in myc-driven tumours is further highlighted by the up-regulation of RHOT2, a mitochondrial atypical GTPase \[[@BST-47-1757C107]\], and the down-regulation of syntaphilin (SNPH), an inhibitor of mitochondrial trafficking \[[@BST-47-1757C108]\] in tumour progression. This recent evidence demonstrates the involvement of mitochondrial dynamics in tumour progression; therefore, the inhibition of myc proteins through doxycycline use, or drug-induced modulation of mitochondrial dynamics may have therapeutic benefit.

Oxidative stress is a hallmark of cancer cells as elevated ROS activates signalling pathways such as the epidermal growth factor receptor and mitogen-activated protein kinase which promote cell growth and proliferation \[[@BST-47-1757C100],[@BST-47-1757C109]\]. Antioxidant systems in cells, such as the thioredoxin and glutathione system, allow cells to cope with excessive ROS production in both malignant and healthy cells \[[@BST-47-1757C96]\]. Elevated ROS in cancer cells is what differentiates malignant cells from healthy cells. Thus, it is thought that the inhibition of antioxidant systems in cancer cells would cause an overload of ROS-induced damage leading to apoptosis in cancer cells only. NSC130362, a small molecule glutathione inhibitor, is one such treatment developed to test this hypothesis. NSC130362 suppressed growth of cancer cell lines and hindered tumour growth *in vivo*, but did not affect the viability of primary human hepatocytes \[[@BST-47-1757C110]\]. Furthermore, the molecule sensitized *ex vivo* leukaemia cells to other anticancer drugs and potentiated their cytotoxic effects \[[@BST-47-1757C96]\]. These results suggest that the induction of additional oxidative stress in tumour cells may provide a therapeutic benefit. Furthermore, using potent antivirals or antibiotics which possess off-target ROS-producing effects in the mitochondria, for example doxorubicin, may cause the accumulation of ROS beyond the antioxidant capacity of malignant cells and result in apoptosis \[[@BST-47-1757C111]--[@BST-47-1757C113]\]. These drugs will induce oxidative stress in healthy cells also; however, the malignant cells already have elevated ROS such that the additional levels will exceed a critical threshold, while healthy cells will survive as oxidative stress is low.

Epigenetic dysregulation is a feature of almost all human cancers \[[@BST-47-1757C114]\], and while ROS is a well-known genotoxin at excess levels, other mitochondrial metabolites have also proved to be oncogenic \[[@BST-47-1757C100]\]. The tricarboxylic acid cycle metabolites such as succinate, fumarate and 2-hydroxyglutarate all inhibit α-ketoglutarate-dependent enzymes and interfere with their control over epigenetic regulation. Importantly, the result of this interference leads to post-translational protein modifications and the activation of oncogenic transcription factors. These include Jumonji domain histone lysine demethylases, stabilization of hypoxia-inducible factor A and succination of kelch-like ECH-associated protein 1 activating the oncogenic nuclear factor erythroid 2-related protein 2 \[[@BST-47-1757C100]\]. Efficient mitochondrial function is dependent on optimal mitochondrial ribosomal translation and assembly of the oxidative phosphorylation complexes. Topoisomerases, which are required for efficient DNA replication and RNA transcription, also play a crucial role in the tumorigenic process. Mitochondrial topoisomerase IB (TOP1MT) is a nuclear encoded, exclusively mitochondrial localized enzyme which is found overexpressed in some tumour types. Baechler et al. \[[@BST-47-1757C115]\] showed that HCT116 colon cancer cells had decreased tumour growth and cell proliferation in TOP1MT knockout models, therefore providing further proof of the importance of mitochondrial function in cancer progression.

In summary, many mitochondrial-specific, drug-induced adverse effects have proved useful in reducing tumour growth and sensitizing tumour cells to standard of care therapies. This is due to modulation of mitochondrial metabolism, induction of ROS-mediated apoptosis and regulation of the mitochondrial-induced cell death pathways through mitochondrial outer membrane permeabilization (MOMP) and mitochondrial permeability transition. Therapeutic selectivity remains a main concern when using drugs with mitochondrial toxicity as they have the potential to induce severe and unpleasant clinical symptoms if healthy cells are affected.

Modulation of the innate immune system by mitochondrial manipulation {#s5}
====================================================================

Mitochondria also play an important role in the immune response such as during activation of the innate response and through direct stimulation of specific pathways. Pathogen clearance relies heavily on various signalling cascades involved in the maturation, expansion and functioning of immune cells. As these processes require significant amounts of energy, it is not surprising that mitochondria are involved in the innate immune system through their role in cellular bioenergetics and signalling. An important signalling role of mitochondria has already been well established, for example during key steps of apoptosis and autophagy mediated through the generation of ROS and the regulation of calcium \[[@BST-47-1757C116]\]. Mitochondria exert their modulatory effects on the innate immune system primarily through various cell-signalling events, usually activated on the entry of pathogenic RNA, dsDNA and dsRNA into the cell. In addition, a recent paper by Dhir et al. \[[@BST-47-1757C117]\] showed that mitochondrial derived dsRNA can induce antiviral signalling by triggering a type I interferon response. In both the innate and adaptive immune systems, rewiring of mitochondrial function is required for optimal function of both phagocytic cells and lymphocytes. Indeed, naive T-cells must switch from a metabolically quiescent to a metabolically active state in order to become fully activated. This increased metabolic activity is achieved through enhanced mitochondrial metabolism and indicates that the important role the organelle plays in the immune response \[[@BST-47-1757C118]\].

Furthermore, defective mitochondria can activate immune responses through a variety of different mechanisms ([Figure 3](#BST-47-1757F3){ref-type="fig"}). The cytosolic release of mtDNA can exert potent immunostimulatory effects. Mitochondrial dysfunction or MOMP caused by pathogenic infection or toxic drugs can result in the release of mtDNA \[[@BST-47-1757C106],[@BST-47-1757C107]\], which acts as a damage-associated molecular pattern and engages with pattern recognition receptors (PRRs) \[[@BST-47-1757C108]\] to activate immune responses. The predominant immunomodulatory action of cytosolic mtDNA is through the activation of the STING pathway, a critical antiviral regulatory system activated by viral dsDNA during infection \[[@BST-47-1757C118]\]. During an infection, viral pathogens can cause mitochondrial dysfunction within infected cells. This is achieved by viral interference with mitochondrial signalling pathways and dynamics to favour viral proliferation and commonly occurs through the inhibition of apoptosis or the innate immune response \[[@BST-47-1757C119]\]. The pathogen-induced dysfunction increases the production of ROS or the release of mtDNA, where both may act as mediators for the STING pathway \[[@BST-47-1757C120]\]. The activation of the STING pathway leads to increased expression of IRF3, IRF7 and nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) transcription factors that control the expression of type I interferons (IFN-I) and interferon-stimulated genes, which directly restrict viral replication \[[@BST-47-1757C16],[@BST-47-1757C57],[@BST-47-1757C121]\]. Drugs which induce mtDNA release or enhance ROS may therefore mimic this effect and lead to up-regulation of antiviral pathways independent of infection, making them useful for both priming the innate immune system or for increasing the efficiency of viral clearance. mtDNA also contains a regulatory D-loop which allows it to act as a ligand for PRRs causing the activation of immune responses \[[@BST-47-1757C57],[@BST-47-1757C118],[@BST-47-1757C122]\]. In endosomal vesicles, this orchestrates signalling through Toll-like receptor 9 (TLR9) for the activation of both pro-inflammatory and antiviral effector responses in a variety of human immune cells \[[@BST-47-1757C123]\]. TLR9 is also expressed on the outer surface of cells, allowing free mtDNA present in extracellular fluid to also activate the pathway. Similar to the STING pathway, TLR9 signalling can also activate IRF7 and NFκB transcription factors. Among the inflammatory cytokine proteins up-regulated are TNF-α (tumour necrosis factor alpha) and IFN-I (interferon type I) which increase both pro-inflammatory and antiviral responses. Figure 3.Cellular signalling pathways in response to pathogenic viral infection or mtDNA release.Antiviral pathways can be stimulated by both RNA and dsDNA from receptor-mediated fusion events or endocytosis. These foreign nucleic acids interact with pattern recognition receptors, such as RIG-I like receptors (RLRs), or with cGAS (cyclic GMP-AMP synthase) which initiates the STING (Stimulator of Interferon Genes) antiviral response pathway. mtDNA acts as a ligand for many immune receptors so is capable of activating both cGAS and RLRs as well as the NLRP3 (nod-like receptor family pyrin domain containing 3) inflammasome for the up-regulation of cytokine release and a pro-inflammatory response.

The activation of the NLRP3 inflammasome is also a key pathway in mtDNA-dependent immune responses. Oxidized mtDNA is able to directly bind to the inflammasome to induce IL-1β production \[[@BST-47-1757C124]\]. Furthermore, ROS from dysfunctional mitochondria are also potent activators of the inflammasome. This was demonstrated *in vitro* as rotenone and antimycin A treatments produced both increased mtROS levels and NLRP3 inflammasome activity \[[@BST-47-1757C125]--[@BST-47-1757C127]\]. The activation of the inflammasome causes cleavage-mediated release of caspase-1 from procaspase-1 resulting in the activation of IL-1B and IL-18, which contribute to an increased pro-inflammatory response. Induction of mild-to-moderate mitochondrial dysfunction through drug therapy could increase cytosolic mtDNA and ROS production from impaired ETC function. These changes could potentially enhance the activation of TLR9, STING and NLRP3 inflammasome-regulated pathways causing increased inflammatory responses and potentially more efficient pathogen and infection clearance. However, care must be taken if using drug therapy to enhance an immune response as there exist a chance of initiating a pro-inflammatory state.

As just described, recent studies have revealed an important role for mitochondria in the immune response. There is much to understand in this emerging field as the specific functional role that mitochondria assume is immune cell specific. Because these roles manifest themselves through different forms such as enhanced/reduced ROS or altered mtDNA copy number-modulation of mitochondrial morphology, a variety of opportunities are thus presented for drug manipulation of mitochondria. Manipulating mtROS production, for example, has the potential to drive an increased immune response through both increased innate immune signalling and increased release of mtDNA for PRR stimulation. Up-regulating immune activation via altering bioenergetics or increasing mtDNA release/sensing could be beneficial not only in clearing both viral and bacterial infections, but also be effective tools in engaging the immune system to destroy cancer cells. Indeed, several drugs that increase STING activation are being developed or are in clinical trials for cancer therapy. These drugs perhaps may be paired with other chemotherapeutics that cause mitochondrial dysfunction, leading to the increased sensing of mtDNA and other mitochondrial ligands to augment anti-tumour immunity at both the innate and adaptive levels. On the contrary, long-term drug-induced mtDNA depletion has been shown to inhibit interferon and PRR-mediated signalling and therefore can blunt innate immune responses \[[@BST-47-1757C128]\]. Therapeutics that down modulate mitochondrial function in immune cells may be beneficial in diseases where hyper-activation of the immune system causes life-threatening symptoms, such as autoimmunity and sepsis. Thus, future research into compounds that dampen mitochondrial function or improve mitochondrial quality control may yield new therapies for a wide array of immunological and inflammatory disorders.

Conclusions {#s6}
===========

Much of the evidence to date indicates that a variety of drugs, particularly antivirals and chemotherapy agents, are capable of inducing mitochondrial dysfunction through mtDNA depletion, increased ROS production and uncoupled OXPHOS \[[@BST-47-1757C26],[@BST-47-1757C129],[@BST-47-1757C130]\]. Mitochondrial dysfunction results from off-target effects from these drugs rather than being the main mode of action; however, we have shown that modulating mitochondrial function could be beneficial in the treatment of a variety of diseases such as cancer, diabetes and chronic viral infection. This can be achieved through alterations in mtDNA biogenesis, metabolic rewiring and up-regulation of the immune system. The great challenge to achieve beneficial effects will selectivity and how to maintain mitochondrial outputs in normal healthy tissue while modulating mitochondrial function, or pathogen levels in target tissues.

Perspectives
------------

-   **Importance of the field:** Understanding the mechanisms of drug-induced mitochondrial toxicity is a highly important field for the development of new therapeutic agents with lower toxicity, as this is vital for patient safety and the development of successful therapeutics. Exploring opportunities of the off-target effects of current drugs is just as vital. Advancements in disease treatment in the last century have left few new drug targets available; therefore, rethinking new uses for the current drugs available is crucial.

-   **Current thinking:** Overall, we believe that there is considerable evidence that current drugs carrying black box warnings of mitochondrial toxicity are a growing opportunity. Drugs indirectly affecting mitochondria have been recently used as a main mode of action to treat diseases such as type 2 diabetes and cancer, as well as up-regulating the immune system to clear infection with promising success; however, considerable caution must be taken when inducing mitochondrial dysfunction for disease treatment because of the vital dependency normal cells have on mitochondrial function.

-   **Future direction:** Presently, most drug therapy literature rightfully keys in on adverse side effects and the avoidance of mitochondrial toxicity. It is important going forward that we better understand the role and function of mitochondria in both health and the disease states in order to better take advantage of opportunities and potential therapeutic benefits of mitochondrial and metabolic manipulation
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